We address the challenges in teaching nanoengineering to undergraduates by applying computational tools to aid student learning. Virtual labs have been developed for the nanoparticle synthesis and characterization while a second lab module has been developed to study α-helical protein structures and their tensile mechanics based on online molecular simulations.
| INTRODUCTION
Nanotechnology deals with the development and utilization of functional materials, devices, and systems with novel properties and functions that are achieved through the control and structuring of matter at the atomic, molecular, and macromolecular levels [28] . Establishing fundamental knowledge at the nanoscale has been the main focus of the first decade of the National Nanotechnology Initiative (NNI) while the integration of basic knowledge of nanosystems to manufacture nanodevices for industry, medicine, and computing applications is the goal for 2020 [30] .
Undergraduate certificate programs are attractive to students who want to obtain specialized training in fast growing technology areas early in their study but are not yet ready to pursue graduate education. The Nanoengineering Undergraduate Certificate Program (NUCP) created at Wayne State University (WSU) aims to benefit undergraduate students in the STEM fields as well as working engineers who seek knowledge in the fast-growing field of nanotechnology. The primary goal of the NSF-funded NUCP adds a technical certificate option for engineering students as well as provide additional training for B.Sc. degree holders in engineering or related science disciplines. Other program objectives are: 1) to train a new generation of workforce prepared for high-tech fields of nanotechnology, advanced manufacturing, and nanomedicine; 2) to provide knowledge in emerging technologies to undergraduate students; and 3) to offer retraining opportunities to engineers and professionals who wish to expand their educational background.
In order to achieve the program objectives, a certificate program consisting of four courses have been developed, with emphasis on the integration of nanoengineering teaching, research, and systems, as well as multidisciplinary training. The main objective of NEN 5000 "Introduction to Nanotechnology and Nanomedicine" is to provide students both fundamental and practical aspects of nanotechnology. The focus is on the design, properties, processing, characterization, and end applications of nanotechnology. NEN 5000 is taught at the introductory level. The objective of NEN 5100 "Nanoengineering Laboratory" is to offer hands-on experience for the students, in part by utilizing NSF Major Research Instrumentation (MRI) facilities for undergraduate teaching. The coherent lab modules combine synthesis and characterization of nanomaterials, design and engineering of nanodevices, and application of nanodevices in a single course. NEN 5100 also utilizes digital technology including virtual laboratories, modeling and simulation methods, and online resources to enhance student learning of advanced knowledge and skills involving nanotechnology. In NEN 5200 "Scale-down Engineering-from Engineered Systems to Nanotechnology" we provide training on nanosystems and nanodevices by dissecting the similarities and differences between traditional engineered systems and their nanoscale counterparts. Here the "scale-down engineering" pedagogy is adopted by emphasizing the link between traditional engineering fields and those of nanoengineering. This approach intends to overcome the challenges of disseminating research-level information, allowing students to move smoothly from familiar subjects to research-oriented subjects and thus enhancing the undergraduate learning experience. In NEN 5300 "Capstone Design/Research Experience in Nanoengineering" students apply knowledge and skills learned in the other NEN courses to solve openended research problems. The overall objective of this course is to provide the students an opportunity to become independent thinkers capable of solving complex problems relevant to nanoengineering, in an experience similar to capstone projects offered in most engineering programs across the country.
Here we discuss how digital technology, including virtual laboratories, molecular modeling and simulation applications, and online resources, are used to enhance students' knowledge and skills in the field of nanotechnology. There is a long running debate about the value of hands-on versus virtual or simulated laboratories, but the recent trend of internet-based distance education such as the development of Massive Open Online Courses (MOOCs)) suggests a shift in attitude toward computer-based teaching [5, 27] . A search of Web of Science database yielded close to 3000 hits on the keyword "virtual lab"; however, there are fewer than 10 articles published on "virtual lab" and "nanotechnology." Nanotechnology in undergraduate teaching could benefit a great deal from the use of virtual and simulated modules. Characterization of nanomaterials and nanodevices requires advanced, complex, and expensive instrumentation. Virtual laboratories are particularly effective as a supplement to hands-on laboratories to explain concepts and visualize experiments. Since it is not feasible for a large number of undergraduate students to directly operate research-grade atomic force microscope (AFM) or X-ray diffractometer (XRD), the next best thing seems to broadcast the instrument operation into the classroom. Here, we illustrate our use of digital technology in nanoengineering education by describing two lab modules in NEN 5100. In the first module, we use the virtual laboratory technology to teach nanoparticles synthesis and characterization. The second module is an online molecular simulation tool used to study the structure and mechanical properties of α-helical proteins. These lab modules give examples on how to utilize NSF-supported major research instrumentation and Network for Computational Nanotechnology (NCN) to teach undergraduate labs.
| Application of digital technology in nanoengineering lab course
In NEN 5100, students learn synthesis and characterization of nanomaterials such as nanoparticles and drug carriers, design and engineering of nanodevices, and application of nanodevices. Students learn to use advanced instrumentation such as AFM, transmission electronic microscopy (TEM), and XRD to characterize the nanomaterials they synthesize. After students become familiar with operation and principles of AFM, they design their own cantilevers by modifying commercial AFM tips using a state-of-the-art dual-beam focused ion beam (FIB) system. Finally, students adapt the modified AFM tips for biosensing where they gain experience in instrument setup and signal collection and processing. The following computational tools have been integrated into NEN 5100 so that students gain a better understanding of complex research methodologies after learning their basic principles.
| DEVELOPMENT OF VIRTUAL

LABORATORIES
The nanoengineering lab course affords students hands-on experience in synthesizing and characterizing nanomaterials. However, it is challenging to teach undergraduate students advanced instrumentation such as AFM. We installed a virtual laboratory system to broadcast the instrumentation operation to the classroom. For example, in the synthesis and characterization of gold nanoparticles (GNPs) lab, students learn to use AFM to characterize the GNPs they synthesize. This lab module supplements hands-on lab work with remote instrumentation. An NSF MRI research instrument, VEECO Dimension 3100 AFM, was adapted for this undergraduate laboratory. A lecture explaining the principle and operation of AFM is followed by partial hands-on and partial virtual laboratory using nanomaterials prepared by the students themselves. The samples submitted by the students are imaged by a researcher in the AFM research lab and the operation is broadcasted to the classroom using a two-way communication setup and high-resolution camera equipment. Students then learn to analyze the AFM images of their own samples using a research-grade image analysis software. WSU's Echo360 system provides a unique online portal to students for an archived classroom experience. The details of the lab are described below.
| Objective
The objective of this laboratory is to synthesize GNPs and to study their optical properties using UV-vis spectroscopy and their size and morphology using AFM. Students use virtual labs to observe AFM imaging of their own samples. Then they have hands-on experience with image analysis of their own samples using research grade AFM image analysis software.
| Background
GNPs are one of the most widely studied nanomaterials, and their synthesis and applications have been the subjects of excellent reviews [13, 14, 19, 32, 38] . The biomedical applications of GNPs include diagnostics (visualization and bioimaging, analytical methods, plasmonic biosensors), therapy (photothermal therapy, photodynamic therapy, drug and gene delivery), and immunology (biodistribution and toxicity) [14] . A widely used method for GNP synthesis is the chemical reduction of HAuCl 4 by trisodium citrate with the citrate ion acting as both reducing agent and capping agent (the Turkevich method) as illustrated by Figure 1 [16, 17, 24, 38] . The citrate reduction method produces monodisperse spherical GNPs with size in the range of 10-150 nm. This is the method used in this experiment. The reduction of HAuCl 4 is observed when the solution changes color. The colors observed during reduction are gray, blue, dark purple, until it settles into the deep red color. GNPs can be characterized by a variety of methods including UV-vis spectroscopy, TEM, small angle X-ray scattering (SAXS), XRD, AFM, zetasizer, inductively coupled plasma mass spectrometry (ICP-MS), and thermogravimetric analysis (TGA) [26] . The students use UV-vis spectroscopy to characterize the GNPs first and then AFM in a subsequent virtual lab experiment.
Metallic nanoparticles in the diameter range 1-10 nm (intermediate between the size of small molecules and that of bulk metal) display unique electronic structures owing to quantum-mechanical rules [4, 9, 32] . The resulting physical properties are neither those of bulk metal nor those of molecular compounds, but they strongly depend on the particle size, interparticle distance, nature of the protecting organic shell present around the particles (that exists due to the different synthetic approaches), and particle shape [18, 22] . Quantum size effects are observed when the de Broglie wavelength of the valence electrons is of the same order as the size of the particle itself. The particles behave electronically as zero-dimensional quantum dots. Freely mobile electrons are trapped in such metal boxes and show a characteristic collective oscillation frequency of the plasmon resonance, giving rise to the so-called plasmon resonance band observed near 530 nm in the 5-20 nm diameter range [8, 15, 33] . When light shines on the surface of a metal, some of the light waves move along the surface of the metal and this gives rise to a plasmon-a group of electrons moving back and forth in sync across the surface of the metal. The plasmon is said to be in resonance with light when the frequency of the plasmonic oscillation is the same as the frequency of the light that produces it. The oscillating electrons then emit light of their own at the same frequency, producing a particular color [40] , which is affected by the particle size. GNPs resonate at frequencies within visible spectrum of light [11] . The GNPs to be synthesized in this laboratory resonate at the frequency of reddish-purple light waves, so they emit reddish-purple light themselves.
| Preparation of GNPs using the citrate reduction method
Stock solutions of 0.1 g/L gold salt HAuCl 4 and 10 g/L sodium citrate are provided to the students to use at different mixing ratios in order to make GNPs of different sizes, 15, 40, and 65 nm. The gold solution is heated to boiling. A predetermine amount of citrate solution is added to the boiling gold salt solution. The solution color changes from gray to red within 5 min. Once there is a color change, the heating is slowly decreased while maintaining solution stirring for 30 min longer. The solution is removed from the hotplate and allowed to cool for 2 hr. The final solution color depends on size of the GNPs controlled by the mixing ratio as shown in Figure 2 .
| UV-vis characterization
The GNP size is first determined by UV-vis spectroscopy (Cary 50). The quartz cuvette is first filled with 3 ml deionized water to collect the baseline spectrum before | running the sample spectrum using 3 ml of the solution containing synthesized GNPs. The absorption spectra should yield the characteristic absorption peak of the GNPs. The size of the GNPs can be calculated based on the relationship between the UV-vis absorption peak wavelength and the size of the GNPs. For example, the following equation can be used to estimate the GNP size (diameter), d, based on its absorption peak wavelength, λ in nm, applicable within a certain size range [19] :
in which λ 0 = 512 nm; L 1 = 6.53, and L 2 = 0.0216.
| AFM measurements using the virtual lab setting
First, a lecture explaining the principle and operation of AFM is given in a classroom. The lecture is followed by partial hands-on and partial virtual laboratories using nanomaterials prepared by students. The students prepare GNP samples by depositing GNPs on mica using either dip coating or spin coating method. During live sessions within the virtual laboratories equipped room, students have the opportunity to interact with the research staff or graduate teaching assistant utilizing the equipment in real-time, if any questions need to be asked and answered. Students submit samples they prepared to be examined by the instrument. There are two parts to the virtual lab setup. One part consists of monitors, camera, and control station fixed in the classroom where the students are stationed. The other part consists of monitors and cameras on a mobile cart to conduct real-time capture of instrument operation. The mobile cart allows the same equipment be moved in and out of different research labs for different instruments. In addition, the instrument can be controlled remotely using software such as TeamViewer, which is used by instrumentation companies for remote maintenance, support, and access of their clients' instruments. The research lab staff can share the instrument screens with students in the classroom. We purchased and utilized the following appliances in setting up the virtual labs. Epiphan VGA2Ethernet appliances allow for the capture and network streaming to the undergraduate students of the direct microscope video from two AFM microscopes in the remote central research facilities. Tandberg 990 (remote lab side) and Tandberg 6000 (undergraduate classroom side) video conference units allow two-way interaction including audio and camera video between the AFM operator and the undergraduate students. Intel appliance and Nabi tablet installed in the classroom allow for the undergraduate students to interact with the research lab. During pre-recorded session instruction time (or whenever a student would like to refer back to the materials), WSU's Echo360 system is utilized to provide a unique online portal to students for an archived classroom experience. Students can view lectures pre-recorded by instructors, which are shared with them using WSU's Blackboard online teacher and student collaboration system. By utilizing the hardware in the virtual laboratories together with Echo360 and Blackboard, instructors have the ability to record and maintain a set of training presentations which can then be shared with students who cannot participate in the in-person presentation or those who need to refer back to the instruction at a later date. The lectures can be saved to maintain a permanent archive on a designated server.
During the live sessions, the graduate teaching assistant conducts the following AFM measurements in the AFM research lab while the students watch and interact from a virtual lab setup in a classroom. The graduate teaching assistant loads the cantilever holder with the installed tip onto the scanner tube of the Dimension AFM head, aligns the laser using the laser control knobs, and verifies the laser beam is positioned on the back of the cantilever with a spot visible in the Dimension head filter screen with a sum signal of about 2 V. The assistant can zoom into the area of interest, for example, the cantilever mounted on the holder, by clicking on the camera remote control. The assistant adjusts the photo detector so that the red dot moves toward the center of the Dimension head filter screen using the knobs on the side of the Dimension head and verifies that the red dot is focused on the cantilever. The students use the AFM data analysis software to determine the GNP size from the three batches by opening the AFM image analysis software Nanoscope 5.30. The following step by step instructions are given in the lab manual for students to follow. 1) Double click on the AFM image file to open the AFM image; 2) Go to "Image" to select "the first image (height image)"; 3) Go to "Modify" and select "Flatten" and then execute. Notice the change in the image; 4) Save the modified image under a different name; 5) Go to "Analyze" and select "Section" to measure the nanoparticle size using the modified height image; 6) Draw a line through the centers of several particles to get a sectional height profile of the line; 7) Move the pair of the red arrows as shown to measure the particle height in the vertical distance; 8) Go to "Marker" and select "Draw" you will get a pair of green arrows; and 9) Place them at the opposite side at the half of the peak height. The horizontal distance will give the particle width at half-height (e.g., 23 .438 nm in Figure 3 ). Do the above measurements on at least 10 of the smallest particles and record the data.
The learning of AFM operation is both time consuming and expensive, which is generally unsuitable for undergraduate students in their first engineering measurement lab. By implementing the virtual laboratories, the students gain meaningful experience on AFM operation and hands on experience in AFM image analysis. The same setting has been applied to the teaching of other complicated instruments such as TEM and XRD.
| AN ONLINE APPLICATION TO STUDY THE MECHANICAL PROPERTIES OF α-HELICAL PROTEIN STRUCTURES
Theoretical models of molecular or nanosystems are often too complicated to be independently worked out by students as a course assignment or a term project. Therefore, user friendly computer simulation applications are gaining a growing interest in various fields of science and engineering education [2, 3, 10, 12, 21, 31, 36] . They offer the students a better understanding of a physical system by studying the results of the theoretical models. They provide the possibility of predicting the behavior of complicated systems and investigating the effect of different variables independently without having to deal with the challenges of the experimental procedures. Hence, we avoid the requirement of students operating sophisticated and sensitive laboratory equipment. At the same time, we reduce the hazards associated with chemical experiments such as high temperatures or toxic chemicals. In particular, molecular simulations are increasingly getting attention thanks to advancements in theoretical models and availability of more powerful computers [34, 39, 41] . This offers the opportunity to study In spite of the advancements in molecular simulation models, two major problems are preventing these tools from achieving their full potential. The cost of acquiring simulation tools often makes them not affordable for normal users particularly students, and their application requires complex development environments and expert-level computer language programming skills. As a solution, user friendly online simulation platforms provide an opportunity to fill the gap between the molecular simulation research and its educational utility. These platforms offer online simulation tools with accessible and user friendly interfaces.
Here, we present a simulation tool that we have developed and utilized as part of the nanoengineering lab course NEN 5100. The tool is used to simulate the Tensile Mechanics of α-helical Polypeptides [37] . We have developed the online application on the nanotechnology online platform nanoHUB.org.
| Objective
The objective of this laboratory module is to study the mechanical behavior of α-Helical polypeptides using a statistical mechanical model under different experimental conditions (tension, pH, temperature, and ionic strength).
| Theoretical background
Studying the mechanical properties of proteins provides an indepth understanding of various atomic and molecular interactions that determine the structure of proteins in solution. Protein structures and conformational transitions under various mechanical loads and solution conditions is closely connected to their biological function which makes their study crucial. Structural response of a single protein molecule may be experimentally studied using different experimental techniques such as the AFM and optical or magnetic tweezers [23, 29] . Despite the opportunity offered by these advanced techniques, their application requires a great level of expertise and access to sophisticated laboratory equipment. Molecular simulations of proteins allow the exploration of new aspects of protein structures to form a complete image along with experimental data. One of the important studied properties is the polypeptides folding/ unfolding phenomenon [1, 7] . Here, we study a certain polypeptide secondary structure known as α-helix. The secondary structure (local structure) of a polypeptide is determined by a special arrangement of the backbone dihedral angles that allows for a certain hydrogen bonding pattern along the polypeptide chain. The α-helix is a secondary structure in the form of a right-handed helix which is stabilized by hydrogen bonding of the backbone CO group of every i th residue with the backbone NH group of (i + 4) th residue (residues are conventionally numbered from the Nterminus). The tensile mechanics of a polypeptide chain is affected by its tendency to form α-helical structures.
Polypeptides that form helices in solution do not show a simple-two state equilibrium between fully helical and fully random-coil conformations. Instead, they sample numerous possible helical windows of different lengths formed at different locations along the polypeptide chain [6, 35] . The tool that we present here is based on a statistical-mechanical model developed in our group that is capable of making quantitative predictions of force-extension behavior of helical polypeptides comparable to data obtained from high resolution single-molecule pulling experiments [37] . This model includes the elastic behavior of the helical and random-coil structures as well as the transition between the two states. Many factors can affect the structure of the polypeptide such as the temperature, the pH, the ionic strength, and the applied tension. Students will virtually manipulate these variables to study the effect of each one of them on the force-extension behavior of the polypeptides.
| Tensile mechanics of an α-helical polypeptide under constant tension
Here we formulated our model in the constant force ensemble. The experimental equivalent of the constant force model would be attaching one end of the polypeptide molecule to a fixed surface and the other end to a magnetic bead that is placed in the uniform force field of magnetic tweezers. In this model, we assume that the polypeptide molecule is composed of three distinct segments, freely jointed to each other: one helical segment and two random-coil segments at both ends ( Figure 4) . The average extension of the molecule containing an "ij" helical segment (chain that includes a j-residue-long helical segment that begins at i th residue) could be written as:
FIGURE 4
Schematic of polypeptide containing a j residue long helical segment starting at the i th residue under constant tension f where ⟨ξ rc,N−j ⟩ f is the average extension of a N−j residue long random-coil polypeptide chain (where N is the total number of residues in the polypeptide molecule) and ⟨ξ hel,j ⟩ f is the average extension of a j residue long helical segment in the direction of pulling. The force-extension behavior of a random-coil polypeptide can be determined using the an inhomogeneous partially freely rotating chain (iPRFC) model [20] . The average extension of the helical segment is equal to the average projected length of a rigid rod in the direction of pulling. The random-coil transition modeled via AGADIR [25] . AGADIR is formulated by writing the partition function of a polypeptide as a summation of different possible helical conformations along the chain. From that, the free energy cost of forming a given helical window relative to the entirely random coil conformation is calculated.
| Probing the tensile mechanics of an α-helical polypeptide with AFM
Single molecule experiments are also done with AFM or optical tweezers where the free end of the molecule is trapped in a parabolic potential well. In this case, the force exerted on the molecule is f = k (L − ξ), where k the spring constant or stiffness of the cantilever, L is the displacement of the cantilever base or center of the optical trap with respect to the fixed surface and ξ is the extension of the molecule in the direction of pulling ( Figure 5 ). For such a setup, we need to modify our model to include the potential energy of the cantilever in the partition function of the combined system of the molecule plus cantilever tip. The molecule plus cantilever model can be used to calculate the potential of mean force (PMF) of a given polypeptide molecule. The PMF can be calculated as the integral of the force-extension curve at the stiff cantilever limit (k → ∞). The PMF can be considered as the free energy surface of the molecule with the extension ξ as the reaction coordinate.
| Modeling on nanoHUB.org: Tensile mechanics of alpha-helical polypeptides tool
The simulation of the force-extension behavior of the α-Helical polypeptides is performed on the web application "Tensile Mechanics of alpha-Helical Polypeptides" developed on the nanoHUB platform (https://nanohub.org/ resources/ahpull/). Students need to create an account on nanoHUB.org, or sign in with their Facebook, Google, or LinkedIn parameters to use the tool.
The tool is developed to be user friendly and intuitively comprehensible. It is made up of four interfaces including a front page, an input data page, and the results page. On the front page of the tool, the student can read about the theoretical basis of the simulation tool. The page gives a summary on how the model is developed and provides the references for further reading. On the input data page (Figure 6 ), the user types the Amino Acid sequence for the studied polypeptide, the virtual experiment conditions (Temperature, pH, ionic strength, N and C termini protection). Then he can choose the desired type of calculation, the calculation range as well as the resolution. The simulation tool allows to perform three types of calculations: 1) Average Extension versus Force, where the user can calculate the average extension as well as the average helical content for a range of forces; 2) ResidueLevel Helicity at a Given Force, where he can determine the residue-level helicity and the helical window probabilities; and 3) Average Force versus Cantilever Base Displacement and PMF, which simulates single-molecule pulling of a helical polypeptide with AFM. After entering the simulation input data, the calculation starts by clicking on the button "Simulate." The calculations are performed in the background on the nanoHUB server. The user can monitor the processing progress when the simulation is running. Finally, the tool displays the results and allows the user to zoom, display different types of plots, and export the results in an image or a data table form.
| Hands-on session and case studies using the simulation tool
In the beginning of the class, a presentation is given to the students introducing the structure of polypeptides and explaining some basic concepts in statistical mechanics, in particular, the probability of states (Boltzmann coefficients), partition functions, and the free energy. The presentation is proceeded by a demonstration of the simulation tool. Afterward, the students create their own nanoHUB accounts and open the "Tensile Mechanics of alpha-Helical Polypeptides" tool. The first task is to study the force-extension behavior of the polypeptide (R) 60 , formed of a sequence of 60 Arginine amino acids, in its helical versus random-coil states. The students are asked to run the simulation for two different values of the pH, 7.0 and 12.5 for the tension range of 1-100 pN, and to compare the force-extension and the average helical content curves for both cases (Figure 7) . The goal is to study the effect of the pH on polypeptides with Amino Acids possessing titratable (charged) side chains, and to understand the correlation between the helical content and the force-extension behavior. In a neutral solution (pH = 7.0), the unfolded state is more favorable as the side-chains of (R) 60 are charged (pKa = 12.10), thus the mechanical behavior of the polypeptide is similar to that predicted by the iPRFC model. However, when pH = 12.5, the average helical content increases for low forces (77% at 10 pN) . When the fore exceeds 30 pN, the polypeptide unravels and goes back to the random-coil state.
The effect of the temperature is also studied by running simulations with temperatures of 295 and 320 K. The students perform a comparative study between the behaviors of the polypeptide for each temperature. The pH and temperature values are chosen in a way that it shows the transition between the helical and random-coil structures. The student should use the mathematical model of iPFRC to evaluate the results obtained by simulation. The second task is to study the residue level helicity along the polypeptide (AEAAKA) 10 being pulled under different tensions. The simulations are run with a temperature of 295 K, pH = 7.0, and an ionic strength of 0.1 M. The student is asked to study the average helicity as a function of the residue number for forces of 1, 10, 20, and 30 pN. The goal is to understand the effect of the force on the average helicity and the helicity probability profile along the polypeptide chain ( Figure 8 ).
The two previous tasks are performed within the constant force ensemble. In the third task, the model of AFM pulling of (AEAAKA) 10 is studied at pH = 7.0, temperature of 295 K and ionic strength of 0.1 M. This allows the examination of the effect of the cantilever stiffness on the force-extension curve. The student plots the Average Force versus Average Extension curves for cantilever stiffness of 0.5 and 5 pN/Å, then, in a separate graph, plots the Helical Content versus Average Extension curves for cantilever stiffness of 0.005, 0.5, 5, and 500 pN/Å in the displacement range of 1-200 Å. The purpose of this task is to study the effect of the cantilever stiffness on the behavior of the system (AFM cantilever + Polypeptide) and to compare results to the one obtained within the constant force ensemble. The student will be able to understand the fluctuations in the molecular extension cause by the helix unraveling when the polypeptide is stretched. The helical content of the chain is examined to comprehend the correlation between the force-extension behavior and the helix formation.
This lab offers a basic introduction to the application of statistical mechanics in biomolecular modeling. By performing these lab tasks, the students will be able to 1) understand key principles of statistical mechanics; 2) understand how to apply statistical mechanics in simulation models;, 3) perform a qualitative evaluation of simulation results; 4) learn basic principles on polypeptides structures; and 5) examine the effect of experimental conditions on the polypeptide structure.
The above description narrowly focuses on teaching AFM using virtual laboratories and single molecule dynamics using molecular simulations. We believe that the underlying principles can be widely used to teach advanced research instrumentation and complex biophysical concepts to large FIGURE 8 Screen-shots from the simulation tool showing the probability of all the possible helical windows Kij for (AEAAKA) 10 under a pulling force of 30 p N numbers of undergraduate students. Successful implementation of these tools could fill a gap in training students in hightech areas for the workforce of tomorrow.
| CONCLUSIONS
We present the integration of digital technology in nanotechnology education as part of the Nanoengineering Undergraduate Certificate Program offered by Wayne State University. We used virtual laboratories in nanoparticles synthesis and characterization as well as a molecular simulation online application to study the mechanical properties of proteins. The Nanoengineering Laboratory course has shown an innovative way to teach concepts of nanoscale science and engineering to undergraduate students by offering: 1) a hands-on lab work with online virtual laboratories approach and 2) a free, user friendly, and online tool for molecular simulations. The virtual labs setting offers the following advantages. 1) Students obtain meaning learning experience of advanced instrumentation that cannot be physically operated by students in an undergraduate lab; 2) The pre-recorded videos serve as a training tool. Students can view them at their own times and as many times as they like. These videos enhance student learning of difficult concepts and supplement hands-on labs; 3) The live sessions with realtime communication between the students and the operator in the remote lab allow students to be more engaged in the lab session and have their questions answered in real time; and 4) The setting can reduce the financial burden of the institution in maintaining expensive instrumentation. The setting can be used by multiple courses and even multiple institutions serving multiple purposes of research, teaching, and community outreach needs. The nanoengineering program has already shown a positive impact on the education quality of nanoscience by adding new skills to the program certificate recipients that improved their employment prospects and encouraged new young researchers to be involved in this area.
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